Abstract. Brush seals have shown excellent sealing performance in turbo-machinery, including gas turbines, steam turbines and compressors. However, brush seal is subject to the friction-driven failure which is caused by the serious rub between the bristles and the rotor. Although several 3D models had been built to analyze the friction force, the modeling were usually quite complicated and time consuming as the large amount of bristles. Bulk porous medium approach can simplify the modeling greatly and predict the leakage with accuracy, but it had been limited by the incapability of analyzing the friction characteristic of brush seal. In this paper, a new method is created to investigate the friction characteristic of brush seal with the bulk porous medium (BPM) model. Numerical simulation with 3D bristle bundle model and experimental tests were performed to validate this method. It is shown that the predicted friction forces of brush seal obtained by the BPM method are in good agreement with those obtain in experiments and 3D simulations.
Introduction
Brush seal is a circular seal used for fluid sealing. It has shown excellent sealing performance in turbo-machinery, including gas turbines, steam turbines and compressors. However, brush seal is subject to the friction-driven failure which is caused by the serious rub between the bristles and the rotor.
Both of the numerical and experimental methods are used in research of brush seal. For numerical studies, there are two kinds of approaches: the bristle bundle models and the bulk porous models. In the bristle bundle models [1] [2] [3] , cross flow are modeled with the distributed bristles. Friction between the bristle and the rotor can also be simulated with the fluid-structure coupling technique in these models. Although this kind of modeling had shown significant advantage, these models were usually quite complicated and the modeling were time consuming. The bulk porous medium approach [4] [5] [6] is a kind of simplified models which represent the bristle pack with a single porous medium. Effect of the seal on the flow are represented by several defined resistances which is determined by experiments. One of the major disadvantage of these models is that it is incapable of analyzing the friction characteristic of brush seal.
In the present study, a new method is created to investigate the friction characteristic of brush seal with the bulk porous medium (BPM) model. Numerical simulation with 3D bristle bundle model and experimental tests were performed to validate this method.
Models and Methods

Bristle Bundle Model
The structure and geometric parameters of the brush seal used in numerical simulation and experimental tests are shown in Figure 1(a-c) . As the bristles of brush seal are arranged symmetrically in circumferential direction, the three-dimensional model can be simplified to a slice of the bristles bundle as shown in Figure 1(d-e) .
Axial thickness of the bristle pack is about 1.5 mm. The spacing between the bristles is about 0.007 mm, which is only 1/10 of the bristle diameter. The thickness variation of the bristle pack induced by the change of pressure is ignored in this study.
The circumferential loop number c is estimated according to median diameter of the model as follows:
where, Ф is the outer diameter of rotor, φ is the lay angle of bristle, Hb is the fence height, d is the diameter of the bristle and δ is the spacing between the bristles.
The total leakage of the brush seal Qt can be derived from the "slice leakage", Q0, which is obtained in the slice models according to Eq. 2. The CFD simulations with bristle bundle model were carried out with the commercial software, ANSYS. It is referred to Ref. [7] for more details about these simulations.
Bulk Porous Medium Model
The entire bristle pack of brush seal is treated as a single porous medium with defined resistances to flow in the Bulk Porous Medium (BPM) model. This approach has been successfully applied for leakage and heat transfer analysis of brush seals. Effect of brush seal on leaking flow is represented by the resistance of the porous medium which can be calibrated by comparison between simulation and experiments. For brush seals, the following resistance relationship has been used and validated experimentally by many researches [4] [5] [6] :
where, P is the pressure, xi is the distance in i direction, a is the viscous resistance coefficient, b is inertial resistance coefficient, μ is the viscosity of the fluid, ρ is the density of fluid, ui is the velocity of fluid in i direction.
In the present study, the directions of resistance coefficients are defined in the cylindrical coordinate system, and only the axial and radial resistance coefficients are taken into account. The resistance coefficients in tangential direction are not employed since the flow effect in tangential direction are much lower than the other two under mid-and-low rotating speed conditions. The BPM model used in the present study is shown in Figure 3(a) . The bristle pack is represented by a porous medium zone. The porous medium zone are subdivided into two parts: the fence zone and the free zone. The free zone are supported by the back plate and will be compressed more tightly leading to a higher flow resistance. It is found that the flow resistance for the free zone is 20% higher than the fence zone [5] .
After intensive solution iterations for calibration, the best values of the resistance coefficients were determined. The calibrated resistance coefficients for the fence zone are viscous resistances: ar = 1.5×10 . The subscripts, r and a, denote the radial and axial directions, respectively.
As shown in Figure 3 (b), based on the pressure distribution obtained with the BPM model, the pressure distribution in the radial direction are non-uniform, leading to a resultant radial force acting on the porous medium. The contacting force per unit circumferential length induced by the resultant radial force and the sliding friction torque induced by contacting force can be calculated as follows:
where, Lc is the circumferential length of the rotor and rr is the radius of the rotor, f is the friction coefficient which is about 0.06.
Experimental Setup
A test rig was designed to investigate the performance of the brush seals. The structure of test rig is shown in Figure 4 . Two brush seals were installed in the test rig symmetrically and gas with high pressure was pumped into the cavity between the brush seals. Leakage on both sides were measured by flow meters. Pressure, temperature and frictional torque were monitored during the tests, too. Dimensions of the tested brush seal were shown in Figure1. The initial interference between the rotor and bristle pack was about 0.03 mm. To ensure ideal contact between the two parts, all experiments are carried out after about 10 hours running. Considering a certain wear on the bristles, the rotor and bristle pack is expected to reach a line-to-line contact condition which means the clearance between the bristles and the rotor is zero and without interference. Thus, the friction force induced by the original interference can be ignored.
Results and Discussion
As shown in Figure 5 , the predicted leakage by BPM model had been calibrated to meet the leakage obtained both in experiments and 3D bristle bundle models. Figure 6 shows that, the pressure distribution calculated by the BPM model also in good agreement with the 3D models, as well as the velocity distribution. The variation of pressure variation inside the porous medium is shown in Figure 7 . The upstream surface is the leading surface of the porous medium in axial direction, while the downstream one is the trailing surface which is contacting with the back plate. As shown in the figure, the variation of pressure in radial direction increases gradually. Around the downstream surface, the pressure varies greatly in radial direction, especially around the tip of the back plate. With the pressure distribution inside the porous medium, friction torque between the bristle pack and the rotor were calculated according to Eq. 4 and Eq. 5. Torques were also measured during the tests and results are shown in Figure 8 (a). As there are two brush seal in the test rig, the measured value are twice of the friction torque of single brush seal. As shown in Figure 8(b) , the friction torque predicted by the BPM models are almost the same as the measured values, which indicates that the new method created with BPM models does well in estimation of the friction characteristic of brush seal. 
Conclusions
It is shown that with the new created method, the bristle pack is represented very well by the Bulk Porous Medium approach, not only for leakage but also for friction characteristic. This approach can capture both of the flow nature and the friction behavior of the bristle pack.
